This paper presents the effects of the cross-sectional in-plane crystal orientation (θ ) on the structural strength of single crystal turbine vanes using the finite element method (FEM). The material of the turbine vanes is the single crystal superalloy TMS-75. The obtained results show that the elastic constant matrix (c′44) changes were by above 60% due to the orientation variation (0°< θ < 90°). The dependency of the structural strength of the turbine vane on the crystal orientation was calculated using von Mises stress equation. The strength of the turbine vane was strongly related to θ , and also related to the model shape and load. This influence becomes more significant near the leading edge of the turbine vane where it is most likely to fracture. Fig. 1 (c) . When considered in terms of the simple cylindrical coordinate system, the matrix components of SC are known to be dependent on θ and varies cyclically with a period of 90°.
Introduction
The thermal efficiency of gas turbine is an important factor that strongly affects the CO2 emission reduction and the prevention of global warming, and in order to make significant improvements in this efficiency, the increase in the turbine inlet temperature (TIT) is required.
For this reason, Ni-base single crystal (SC) superalloys were developed for the applications in gas turbines in order to achieve increasingly higher operating temperatures. The structural strength characteristics, and its dependency on the crystal orientation should be investigated.
In this paper, the effects of the in-plane crystal orientation on the structural strength of turbine vanes were investigated for broad applications of the SC in the gas turbine industry.
Analytical Modeling Descriptions
The analytical model is of a 1st stage gas turbine vane of 1400 class and the material used was SC superalloy TMS-75. nodes (see Fig. 3 ). As shown in Fig. 3 , the nodes on the surface of the outer and inner sidewalls were constrained.
4)
The analysis of creep rupture life and data processing were carried out by an existing evaluation system. and is formulated as Eq. (3a) (3a)
Then the elastic constant matrix can be expressed as Eq. (4). (4) with (4a)
Equation (4) Table 1 . To discuss the effects of θ on the elastic constant, the relationship curves between c′11, c′12, c′44, c′14 and θ were produced as shown in Fig 4 (a) , by using the values of c11, c12, c44 for a temperature of 700 , which is close to the average temperature of the external and inner surfaces of the turbine vane (blade). The variation of c′11, c′12, c′44 with their values at θ = 0°as the reference, is shown in Fig. 4 (b) . From   Fig. 4 , it is clear that c′11, c′12 and c′44 strongly depend on θ in the sine function with a period of 90°, and the maximum changes were by over 30%, 45% and 60%, respectively.
Next, the effects of the crystal orientation θ on von Mises stress were investigated using Eq. (5) : (5) Equation (5) can be rewritten as Eq. (6) through Eq. (4). (6) with (7) (7a)
From Eqs. (6) 
2 Results and Discussion
The Fig. 1 (b) ). stress for θ = 0°, shown in the figure in % unit. From Fig. 6 , the difference in von Mises stress between θ = 45°and θ = 0°exceeds ± 20% on more than one occasion. The extreme values of the von Mises stress variation are 75%
and −38% as shown in Fig. 6 (a) and (c), respectively. The peaks and troughs are located at the leading edge (Fig. 6,   ) , suction side (Fig. 6, ) and pressure side (Fig. 6 (b) , (c) : ) for each cross-section. But they are mainly near the leading edge (Fig. 6 , L = −25% ~ +25%). In this study, only three cross-sections in the cases of θ = 0°and 45°w
ere compared, and it is expected that the differences in von Mises stress will become greater as the number of the investigated cross-sections and θ values increase. 
2. 2 Creep Rupture Life
From the result calculated by Eq. (10), Table 2 shows that the change in the creep rupture life with θ was more than 20% for the pressure and suction sides of the vane, and a large change was found for the leading edge over 70%. Thus, the creep rupture life strongly depended on θ . (1) Some of the elastic constants in the expression for the model were sine function of θ with a period of 90°.
Maximum variations of c′11, c′12, c′44 were by over 30%, 45%
and 60% respectively for θ of 0 to 90 degree.
(2) The von Mises stress dependency on θ was examined. It was not only dependent on θ but related to many factors such as the elastic constant of material, thermal environment, gas pressure and model shape. The dependency of the structural strength of the vane on the crystallographic orientation was found to be complex. In the future, the effects of the crystal orientation, model shape and load on the structural strength will be estimated in more detail, and turbine blades will also be investigated. Also the anisotropy of creep deformation and the plastic deformation should be considered in the next step of the research.
